Abstract. The target of processing bimaterial components by cost effective powder metallurgy (PM) is to combine unique properties from different parts of the component. Differential shrinkage rate and more often, radial mismatch which is more consistent in bilayer owing to sintering conditions (time, rate, temperature etc.) is known to compromise the interfacial bond strength and integrity of these components. Therefore, the aim of this study is to analyze the sintering compatibility and evaluate the mismatch strain in cemented tungsten carbide (WC-Fe-C) and steel (Fe-W-C) bilayer processed through PM to combine the hardness and toughness properties applicable in machining industries for drilling tools. Through geometrical measurement, mismatch strain rate between layers at different sintering temperatures was calculated and a value as low as 13.7% was observed at the interfacial zone of MC-0.2 specimen sintered at 1280 o C indicating a stronger bond between layers compared to those sintered at 1290 o C and 1295 o C where a huge mismatch was found increasing the tendency for delamination.
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Introduction
Multifunctional components are increasingly gaining interest from researchers and in industries across the globe as they combine different properties from several material classes to form a single component [1, 2] . Cemented tungsten carbide is commonly known for its excellent strength and wear resistant property and possesses toughness property when bonded with cobalt binder [3] . Cobalt is scarce in supply and considered unfriendly to the environment thereby making researchers delve into finding an alternative binder for WC hard metals. Iron alloys has proven to be a valid alternative in recent times [4] [5] [6] . Steel (Fe-W-C) on the other hand is considered a material with a considerable toughness property [7] . The combination of these two materials as one piece would provide machining tools with toughness property to start a cut and hardness to maintain a clean and precise cut without chipping or destroying the test piece. Several techniques such as powder metallurgy (PM), welding, casting and rolling can be employed to produce these multifunctional components but PM is a very efficient and cost effective technique which is capable of joining materials with different properties [8, 9] . PM is a suitable technique with limited processing steps involving powder mixing, co-compaction of mixed powder into a green porous compact with green strength then co-sintering that transforms the green compact to bulk material with reduced porosity, increased density, required mechanical and physical properties. The challenge of processing multifunctional components includes formation of extra phases around the interface, shrinkage incompatibility owing to the sintering parameters (sintering temperature, time, rate) which results into separation of layers. Failure in bilayer components has been reported to occur when the radial stresses due to differential shrinkage exceeds the interfacial strength [10] , therefore failure must be eliminated at all cost to sustain the quality and integrity of bilayer components. In this study, we aim at fabricating a bilayer component of various powder compositions (Table 1) made up of tungsten carbide (WC) and iron (Fe) as major materials of both layers via PM technique and focus on the analysis of the radial shrinkage and mismatch strain generated during sintering at different temperatures.
Experimental Procedure
Four different powder formulations with varying carbon (C gr ) level of (0.2, 0.4, 0.6 & 0.8) for the iron (Fe) base part of the bilayer (presented in Table 1 ) and the composition of tungsten carbide (WC) base (WC-6 wt.% W-0.2 wt.% C) was unchanged for all samples were processed via powder metallurgy to produce bilayer specimens. All powders were supplied by Accumet materials Co.NY USA except iron powder that was purchased from sumitomo Sdn. Bhd, Malaysia. Tungsten carbide (WC) was specified to be 99.95% pure and average particle size ranging from 3 -6 µm, Fe was supplied with varying particle sizes ranging from 45 -212 µm, high purity graphite, C gr of 4 µm and 99.9% pure tungsten powder of average particle size 4 -6 µm were all reported from material's data sheet. Powder compositions were wet milled in a medium of acetone for 3 h inside a ceramic container with a ball to powder ratio of 20:1 at 800 rpm and dried using hahn rotary evaporator set at 56 o C and 50 rpm. Prior to mixing, 2 wt.% polyethylene glycol (PEG 2000) was added to powder compositions as organic binder. 7.5 g and 7 g for WC and Fe respectively of milled powder compositions were compacted at 95.5 MPa to produce a bilayer compact of 7 mm thickness and 20 mm diameter. After compaction, sintering of bilayer compacts was carried out in two stages of preliminary heat treatment of debinding at 360 o C for 1 h and subsequent heat treatment at 1280, 1290 and 1295 o C held for 1 h with 5 o C/min heating rate in an argon atmosphere to prevent oxidation. Shrinkage mismatch was evaluated through dimensional measurements using Digital Vernier caliper to determine thickness and diameter of sintered compacts. During the co-sintering step, two interactions are expected to occur in the interfacial zone. Firstly, mechanical interactions due to tensile stresses generated by difference in shrinkage rate between the two layers and secondly, chemical interactions such as phase formation, inter-layer diffusion, liquid infiltration from one part of the bimaterial to the other causing swelling or expansion and shrinkage [12] . The mechanism for the mechanical bonding of these two layers is liquid phase sintering which is initiated when the binder (Fe-C) of the WC part forms liquid and diffuses to the Fe layer through capillary action. As presented in Fig. 5 , sintering temperature had more effect on shrinkage rate of bilayer compacts when compared to carbon level as samples sintered at 1295 o C showed larger radial shrinkage mismatch than others owing to rapid diffusion rate. The lowest mismatch (13.7%) was observed in MC-0.2 specimen sintered at 1280 o C and slightly increased with increasing carbon content which could be attributed to density increase (presented in another article). Densification rate which increased significantly with increasing carbon content in specimens sintered at 1280 o C increased mismatch from 13.7% to 16.8% in MC-0.2 and MC-0.8 specimens respectively. This increase is observed to be greater in comparison to other samples sintered at other temperatures. Specimens sintered at 1280 o C with lower radial shrinkage mismatch showed the strongest interfacial bond as no cracks were observed. Cracks started developing in specimens sintered at 1290 o C and the largest mismatch (23.1%) was observed in MC-0.8 specimen sintered at 1295 o C where a huge crack was observed as shown in Fig. 4 . Samples sintered at elevated temperature displayed partial contact area around the interface indicating a greater tendency for delamination. In addition, while similar green density of layers has been suggested to limit total shrinkage mismatch after co-sintering [13] ; the green densities of WC and Fe layers were 51.1% and 73.3% which seems far apart consequently contributed to the mismatch shrinkage observed in bilayer compacts.
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